We have developed a chemical-enzymatic synthetic approach to gonadotropin releasing hormone G lp '-H is 2-T r p 3-S e r 4-T y r 5-G ly 6-L e u 7-A r g 8-P r o 9-G l y 10-N H 2 (G nR H ) which enables one to perform the synthesis efficiently according to minimal protection strategy with all reactive side chains o f amino acids unprotected. Five peptide bonds H is2-T r p 3, Tyr5-G l y 6, Leu7-A r g 8 and Trp3-S e r 4, S ei^-T yr5 were formed by means o f a-chym otrypsin and papain, respectively. The remaining four bonds G lp '-H is 2, Gly6-L e u 7, Arg8-P r o 9, Pro9-G l y 10 were formed by chemical methods. The synthesis is simple to carry out and there are no problems in scaling up as demonstrated by the final coupling on 2 g scale affording highly pure G nR H in the yield o f 8 4 -9 0 % .
Introduction
G onadotropin releasing hormone (GnRH), G lp 1 -His2 -T rp3 -Ser4 -Tyr5 -Gly6 -Leu7 -Arg8 -Pro9-G l y 10-N H 2, and its analogs are increasingly used for clinical and veterinary purposes, and there is an obvious need for efficient and inexpen sive m ethodology of their synthesis, particularly with a view to m ultigram preparation. So far, only a few chemical syntheses of G nR H appropriate for scaling up have been reported [1] . Enzymatic methods, with their unparalleled specificity offer clear advantages for large scale peptide synthesis when combined with a minimal protection strate gy. Features such as chemoselectivity of proteo lytic enzymes which react exclusively at a-carboxyl and a-am ino groups, mild activation require ments, and the absence o f racemization make the enzymatic coupling methodology an attractive alternative to the commonly used chemical activa tion. The use of enzymes is particularly appro priate for the synthesis o f sequences containing side functional amino acids, the case represented by G nR H molecule. In a recent communication, K aufm ann et al. [2] dem onstrated the successful utilization o f a-chym otrypsin for a 3 + 7 con densation in the synthesis of the analog [D -P h e 6]G nRH . Andersen et al. [3] reported syn thesis of G nR H along almost entirely enzymatic pathway. A lthough the experimental details were not provided, it is clear from the authors discus sion that totally enzymatic approach to G nR H is not appropriate for the practical preparation be cause o f the high cost and difficult availability of specific enzymes needed for some coupling steps.
We report here a combined chemical-enzymatic route to G nR H (Fig. 1 ) which features the form a tion o f four peptide bonds by chemical couplings and five peptide bonds using a-chym otrypsin and papain as coupling catalysts [4] , This methodology provides an easy access to G nR H on a preparative scale. A preliminary communication of part of these results has appeared previously [5] .
Results and Discussion
The scheme for the synthesis of G nR H de scribed here (Fig. 1) involves the preparation of the N-terminal pentapeptide ester G lp'-H is 2-T rp3-S e r 4-T y r 5-O M e (6 ) and the C-terminal pentapeptide amide H-Gly6-L e u 7-A rg 8-P r o 9-G ly10-N H 2 (13) which were then joined in the final 5 + 5 coupling catalyzed by a-chymotrypsin. The 5 + 5 segment condensation follows the strate gy reported by Andersen et al. [3] . We have used this approach because o f its potential for increas ing the scale o f the synthesis. F or the preparation of the Ar-terminal pentapeptide 6 and the C-terminal pentapeptide 13, we developed a com bined chemical-enzymatic approach which enables one to perform all synthetic steps with great effi ciency according to minimal protection strategy as shown in the Fig. 1 . The preferred coupling strategy leading to W-terminal pentapeptide /er/-butyl ester G lp1-His2-T r p 3-S e r4-T y r 5-O B u ' (5), subsequently transformed into methyl ester 6 , involves the 3 + 2 segment coupling of the tripeptide amide G lp 1-His2 -T r p 3-N H 2 (2 ) and the dipeptide tert-bxx\.y\ ester H-Ser4-T y r 5-O B u ' (4). Based on its high ef ficiency in the deamidation of the tripeptide amide G lp'-H is 2 -T r p 3-N H 2 (2 ), papain was chosen as a coupling catalyst. Under optimal conditions (M e0 H /H 20 3:7, pH 9.0) the tripeptide amide 2 and the dipeptide 4 in nearly equim olar am ount, were joined to give pentapeptide tert-buty\ ester 5 as an almost pure product precipitating from the solution in a yield of 67%. The m ethod is simple to carry out and offers an easy access to larger am ount of the pentapeptide 5 which could be used in the next step without purification. In the step wise elongation strategy reported for the 1 -5 seg ment of G nR H by Andersen et al. [3] , the tripep tide amide G lp1 -H is 2 -T r p 3-N H 2 (2) was trans formed into methyl ester prior to subsequent 3 + 1 coupling. The strategy reported here is more ad vantageous because the straightforw ard use o f the tripeptide amide 2 for the coupling reduces the number of synthetic steps. Dipeptide Z-Ser4-T y r 5-OBu' needed for 3 + 2 coupling was easily obtained in a yield o f 78% from Z -S er-O M e and T y rOBu' in a reaction catalyzed by papain.
Based on their inherent specificity, a-chym o trypsin and trypsin were chosen for the prepara tion of the tripeptide amide G lp '-H is 2-T r p 3-N H 2 (2) from G lp -H is -O M e (1) and H -T rp -N H 2. We found that the coupling by means of these enzymes in organic solvents containing a minimal am ount of water is more efficient than the coupling in aqueous phase with miscible cosol vents. The best yields (78-84% by HPLC) were achieved when a-chym otrypsin was used in dichlorom ethane or toluene containing less than 1 % of water. F or increasing the scale o f the synthesis, dichlorom ethane was found to be more suitable and this can be attributed to better solubility of T r p -N H 2. It is noteworthy that only 1.2 equiva lent of the nucleophile (T rp -N H 2) is necessary to accomplish the synthesis in high yield. In contrast, the coupling in aqueous phase with miscible cosol vents, required a 5-fold excess o f T r p -N H 2. The Af-terminal dipeptide G lp -H is -O M e (1) needed for the enzymatic coupling 2 + 1 , was best ob tained chemically according to the procedure described by Rzeszotarska et al. [1] .
Attem pts to use the pentapeptide tert-butyl ester 5 as an acyl donor in the a-chym otrypsin-catalyzed 5 + 5 final coupling failed. The proteolytic cleavage of Trp3-S e r4 bond was faster than the form ation of Tyr5-G ly 6 bond. Therefore, the transform ation of the pentapeptide ter/-butyl ester 5 into the methyl ester 6 was required before the next step. It was performed by the deprotection with trifluoroacetic acid in the presence o f anisole as a scavenger, followed by BF3/M eOH esterification.
For the all intermediates and the final TV-ter minal pentapeptide methyl ester 6 , FABMS data and amino acid analyses were consistent with the expected structures.
Synthetic methodology fo r the C-terminal pentapep tide amide Gly6 -Leu7-Arg8 -Pro9-G ly10-N H 2
(13)
Andersen et al. [3] reported the n + 1 stepwise elongation strategy for the assembly of the C-terminal pentapeptide of GnRH . As discussed by the authors, this approach is not feasible for the synthesis on a preparative scale because the en zymatic form ation o f A rg-P r o bond occurs in a low yield and the specific enzyme chlostripain is expensive. The preferred strategy described here involves the 2 + 3 coupling catalyzed by a-chymotrypsin, furnishing under optimal conditions (pH 9.0, 40% aqueous D M F) the pentapeptide amide 12 in the yield of 56%. The most suitable acyl donor in this condensation proved to be 2-chloroethyl ester derivative of the TV-terminal di peptide 11. In com parison with other esters such as ethyl, benzyl,/?-nitrobenzyl, its use is profitable be cause the condensation can be completed over rel atively shorter time at the much lower concentra tion o f a-chym otrypsin. The reaction is easy to carry out and the isolation of the product (purity > 9 5 % by HPLC) is straightforward by the simple extraction procedure. In addition, the relative lack of undesired by-products considerably simplifies the recovery of unreacted substrates.
The attem pts to perform the coupling in organic solvents such as dichloromethane, toluene or tertamyl alcohol were unsuccessful because of a low yield o f the reaction (< 5% ). Limited access of the nearly insoluble A r g -P r o -G ly -N H 2 to the en zyme may explain the very low efficiency of the reaction. This observation indicates that non aqueous conditions are of limited applicability for carrying out enzymatic couplings o f fragments containing unprotected polar side chains.
The acyl acceptor A rg8-P r o 9-G ly '°-N H 2 (10) was prepared along the four step chemical synthe sis in the overall yields o f 63%. The optimal syn thetic route involves the preparation of Z-Pro9-G ly '°-N H 2 (7) by mixed anhydride method and subsequent deprotection followed by TV-terminus elongation (+ Z -A rg(H C l)-O H ) using DCC / HOBt). The strongly basic guanidino group of arginine was protected by protonation using hy drogen chloride. The advantage of this derivative lies in its easy preparation and the obvious poten tial for the carrying out the next synthetic steps ac cording to minimal protection strategy. F or the subsequent 2 + 3 enzymatic coupling, A r g -Pro -G ly -N H 2 (10) was used as a crude product. It is known that arginine is very prone to racemization when used as acyl donor in chemical coupling and therefore the preparation o f the tripeptide may result in generation of D -A r g -P r o -G ly -N H 2. Due to the high stereospecificity of a-chymotrypsin tow ard L-arginine in the P', position, the dia stereomer D -A r g -P r o -G ly -N H 2 if present as an impurity, is reaction inert and will be eliminated at the enzymatic coupling step.
F or the all intermediates and the final C-ter minal pentapeptide amide 12, FABMS data and am ino acid analyses were consistent with the struc tures.
GnRH via 5 + 5 fragm ent coupling
A m ajor concern in enzymatic peptide synthesis, particularly in a fragment coupling, is the potential cleavage of new and already existing peptide bonds due to hydrolytic activity o f the protease used as catalyst. Therefore, much experimental work is directed to establish conditions under which the protease would function as "synthetase" exhibiting little or no protease activity, while the esterase activity is left intact. For example, it was reported [6] that a-chym otrypsin in the aqueous mixture containing up to 60% of acetonitrile ex pressed little or no protease activity. These condi tions were suggested as being ideal for peptide syn thesis and therefore we have used them for the ini tial a-chym otrypsin-catalyzed coupling o f the pentapeptide ester 6 and the pentapeptide amide 13. By surprise, when acetonitrile/carbonate buffer system (6 :4, pH 9) was used as the reaction medi um, the yield of coupling was much lower than in water and the cleavage products G lp '-H is 2-T rp3-S e r4-T y r 5-O H as well as G lp '-H is 2-T rp3-O H were detected by HPLC in the reaction mixture. These results show that the use of recom m ended solvent system does not ensure that the protease would act as a "synthetase" and this ob servation supports the suggestion o f Littlemore et al. [7] th at the ratio o f esterase and protease ac tivity o f enzyme depends also on other factors, for example the structure o f the reactants.
The best results were obtained when the 5 + 5 coupling was perform ed using a-chymotrypsin at pH 8 in a aqueous mixture containing up to 50% D M F. The synthesis o f G nR H was accomplished in a 8 4 -9 0 % yield, using a nearly equimolar am ounts o f the acyl donor and the nucleophile. To obtain the m aximum yield, careful and rapid m on itoring (HPLC) o f this kinetically controlled reac tion was required. The decapeptide 14 was isolated by chrom atography on Sephadex LH-20 with m ethanol as an eluent (purity 93-9 6 % ). One more gel filtration on Sephadex G-15 in 0.2 N acetic acid furnished the product o f 99% purity. The m ethod is very simple to carry out and offers an easy access to larger am ount o f G nR H . We were able to repeat the synthesis without any difficulties on 2 g scale.
The obtained results indicate that the chemicalenzymatic synthesis shown in Fig. 1 represents a preparative route to m ultigram am ounts of gona dotropin releasing horm one. We believe that the reported synthesis is optim al in terms of the num ber o f chemical and enzymatic steps dictated by the G nR H am ino acids composition, their se-, quence and the availability of inexpensive pro«teases. In com parison to enzymatic synthesis of Andersen et al. [3] , its advantages are the use o f in expensive enzymes and the reduced number o f syn thetic steps. N o com parison in terms o f yields is possible because not all quantitative results are reported in the com m unication of the cited authors.
Materials and Methods
M elting points were determ ined on a ThomasHoover capillary melting point apparatus and are uncorrected. Optical rotations were measured in a 1 dm cell (v 1 ml) on a Perkin-Elmer polarimeter (model 241) at 589 nm (N aD line). FAB mass spec tra were recorded on a Finnigan 3300 spectrome ter equipped with a capillarition gas gun from Phrasor Scientific (D uarte, CA). . The chrom atogram s were devel oped with chlorine followed by starch/K J or ninhydrine spray. HPLC was performed using a Vydac column C 18 (4.6 * 250 mm), particle size 5 /mi at a flow rate 1 .0 m l/min and solvent systems: (A) 0.05% TFA in water, (B) 0.038% TFA in acetonitrile/water 90:10. Amino acids analyses were conducted on a Beckman System Gold C hrom ato graph instrum ent using DABS-amino acid deriva tives. Papain (EC 3.4.22.2), a-chym otrypsin (EC 3.4.21.1) and trypsin (EC 3.4.21.4) were purchased from Sigma Co.
L-Pyroglutamyl-L-histidine m ethyl ester (G lp-H is -O M e ) (1)
The dipeptide was obtained from Glp and H is-O M e by means o f D C C /H O B t according to the procedure described by Rzeszotarska et al. [1] .
L-Pyroglutam yl-L-histidyl-L-tryptophane amide ( G lp-H is -Trp-N H 2) (2)
To T r p -N H 2 (4.47 g, 22 mmol) dissolved in dichlorom ethane/water (99:1; 200 ml), G lp -H isOMe (1) (5.6 g, 20 mmol) and crystalline a-C T (30 mg) were added. The suspension was stirred at r.t. until no presence o f 1 was detected by TLC (16 h). The reaction was term inated by the addi tion o f MeOH (100 ml). After 1 h, the denaturated enzyme was filtered off and the filtrate was evapo rated to dryness. The crude tripeptide amide 2 was isolated as a neutral product by the usual partition procedure using BuOH (4 * 50 ml). Traces of water were removed by azeotropic evaporation with AcOEt (2 x 20 ml) and the residue was tritu rated with hot AcOEt. The insoluble fraction was recrystallized from M eO H /A cO Et (1:10, 220 ml) to furnish 6.76 g (75% ) o f 2. The dipeptide G lp -H is-O H was recovered by evaporation of the aqueous phase left after butanol extraction. After drying over phosphorus pentoxide, it was trans formed into the methyl ester 
N -Benzyloxycarbonyl-L-seryl-L-tyrosine tert-butyl ester ( Z -S e r -T y r -OBu') (3)
Z -S er-O M e (4.28 g, 20 mmol) and T y r-O B u ' (5.68 g, 28 mmol) was suspended in the dioxanephosphate buffer (4:6, 80 ml) and pH was adjust ed to 9.0 by 3 N N aO H . Papain (40 mg) and dithioerythritol (6 mg) were added and the reac tion mixture was stirred until no presence of Z -S er-O M e was detected by H PLC (5 h). The reaction was term inated by addition of MeOH ( 2 0 0 ml) and after 1 h the mixture was evaporated to dryness. The residue was dissolved in AcOEt and washed according to the usual procedure for neutral peptides. After drying, AcOEt was evapo rated to give oily dipeptide 3. Yield 7.2 g (78%); Rf(IV) 0.46; HPLC: purity 97%, t R 9.4 min (isocratic conditions 40% B); FABM S m/e 459 (M H +). Calcd. for C24H 30N 2O 7 458. 
L-Pyroglutam yl-L-histidyl-L-tryptophy l-L-seryl-L-tyrosine tert-butyl ester ( G lp -H is -T r p -S e r -T y r -O B u ') (5) G l p -H i s -T r p -N H

L-Pyroglutam yl-L-histidyl-L-tryptophyl-L-seryl-L-tyrosine methyl ester ( G lp -H is -T r p -S e r -T y r -O M e ) (6 )
The pentapeptide /-butyl ester (5) (3.03 g, 4 mmol) was deprotected with T F A (40 ml) in the presence of anisole (2.0 ml) at 0 °C. After 3 h the product was precipitated with diethyl ether (400 ml), filtered off and transform ed into the methyl ester by esterification with 10% BF3/ MeOH solution (40 ml) at 0 °C (8 h). The penta peptide methyl ester was precipitated with diethyl ether (400 ml), filtered off and dried over KOH under vacuum. Yield 2.36 g (83%); m.p. 220 °C decomp. Dipeptide 7 was obtained from Z -P ro -O H and H C lx G ly -N H 2 by mixed anhydride method, using isobutyl chloroform ate according to Rzeszotarska et al. procedure [9] , (7), 12.21 g, 40 mmol) in D M F (20 ml), the reaction mixture was stirred at 0 °C for 8 h and then for 24 h at r.t. The precipitated D C U was filtered off and the solvent was evaporated. The residue was suspended in water (150 ml) and stirred at 0 °C for 1 h. Solid by-products were filtered off and the aqueous phase was extracted with AcOEt (3 times). After evaporation of water the residue was dried over phosphorus pentoxide, then dissolved in methanol (60 ml) and dropped into dry AcOEt (400 ml). The precipitate was filtered off and washed with AcOEt. Yield 14.9 g (75%); m.p. 
